The effect of proteases on retrovirus-induced cell fusion was studied. Both 'fusion from within' (fusion between infected and uninfected cells) and 'fusion from without' (fusion of uninfected cells by virus addition) was enhanced after treatment with proteases. An enhancement of up to 10-fold, giving 30~o fusion of the cells, was observed. Protease treatment of infected cells or of virus particles enhanced fusion, indicating that cleavage of the virus surface proteins is important for cell fusion. Cell fusion is believed to reflect the virus-cell membrane fusion which occurs during the entry of enveloped viruses into cells. It is therefore possible that proteolytic cleavage of virus surface components during entry is involved in virus infection.
Retroviruses including human retroviruses can induce the formation of syncytia (Nagy et al., 1983; Portis et at., 1985; Lifson et al., 1986) , but normally the frequency is low. The frequency of cell fusion induced by murine retroviruses can be enhanced by different methods, e.g. low pH treatment (Redmond et al., 1984) , treatment with the membrane-active antibiotic amphotericin B (Pinter et al., 1986) or growth in XC cells (Zarling & Keshet, 1979) . Cell fusion can be blocked by antibodies active against the viral surface protein SU (gp70) (Zarling & Keshet, 1979) showing that SU is responsible for fusion. (For new retrovirus protein nomenclature, see Leis et al., 1988.) Virus-induced cell fusion can occur either by 'fusion from without' or by 'fusion from within' (reviewed by Poste, 1970; White et al., 1983) . The membrane fusion leading to virusinduced cell fusion is presumably analogous to the fusion between the virus and cellular membranes involved in virus penetration. Fusion from without is presumably a fusion of the membrane of one virus particle with two cells. Cells infected with retroviruses express SU and transmembrane protein, TM (pl5E), on their surface and so resemble virus particles in this respect (Kennel et al., 1973; Witte et al., 1977) . Fusion from within can thus be seen as a process where the membrane of the infected cell acts as the virus membrane and fuses with an uninfected cell (see review by Knutton & Pasternak, 1979) .
SC-1 mouse fibroblasts (Hartley & Rowe, 1975) were used either uninfected or chronically infected with the retrovirus C57MC pool 1636 (Schuh et al., 1976) . Sucrose gradient-purified Moloney murine leukaemia virus (MoMuLV, 1.5 mg/ml, 1.8 × 10 ~ 2 particles/ml) was obtained as a gift from Research Resources, National Cancer Institute, NIH, Bethesda, Md., U.S.A. The cells were grown in Eagle's minimal essential medium supplemented with 5 ~ foetal calf serum as previously described (Andersen, 1987) . When the cells were transferred from one flask to the next or to the experimental cultures, 1250 ~tg/ml trypsin was normally used to loosen the cells from the flask. Experiments were performed the day after seeding. Virus or protease-treated virus was added, or the cultures were treated with proteases by replacing the growth medium with protease solution which was later removed and medium was added. The cultures were fixed with methanol and stained with Giemsa 7 to 20 h later. The fusions were counted through a microscope either as the number of fusion events (the number of nuclei in polykaryons minus the number of polykaryons; counted at 200-fold enlargement) or as the number of polykaryons with three or more nuclei (large fusion; counted at 100-fold enlargement) to avoid cells in division. Fig. 1 . Effect of trypsin, a-chymotrypsin and thermolysin on fusion of uninfected and C57MC virusinfected SC-1 fibroblasts. Six-thousand uninfected or C57MC-infected SC-1 cells or a mixture of 3000 of each were seeded in 0.32 cm 2 microwell plates (Nunc) in 50 ~tl medium. The next day, the medium was removed and the cultures were treated with protease solutions in PBS (pH 7.4) for 15 min at 37 °C. After removal of these solutions, new medium was added and the cultures were incubated 1 day further. The following morning, the cultures were stained with Giemsa and the number of fusions was counted, either as the number of fusion events (a, b and d), or as the number of large fusions (c). In the first case at least 12~ and in the second case 71 ~ of the culture area was counted. The fusions are expressed as a percentage of the cell number, which varied from 9000 to 16000, but in each experiment the standard deviation (S.D.) was less than 15 ~ and no systematic variation was observed. The effect of proteases on fusion from within is shown in Fig. 1 . Without protease treatment fusion between uninfected cells was low (0.3 ~o of the cells with practically no large fusions, Fig.  l b and 1 c) . Fusion between the chronically infected ceils was slightly higher (0.5 to 0.8 ~ of the cells and practically no large fusions). However, when the uninfected and infected cells were grown together, a higher degree of fusion was observed (0-6 to 2~ of the cells and 0-2~ large fusions). The higher values indicate that fusions occur primarily between the infected and uninfected cells as previously shown (Pinter et al., 1986) . The level of fusion was not influenced by treatment with phosphate-buffered saline (PBS) (results not shown). The same levels of fusion were observed between uninfected and MoMuLV-infected cells (results not shown).
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The effect of trypsin on fusion was studied. The medium was removed from the cultures before treatment with different concentrations of protease for 15 min. As seen in Fig. 1 (a and b) , a 1.5-to threefold increase in the level of fusion was observed with 0.5 to 1.0 ~tg/ml trypsin. The increase was significant in the experiments but it was not very impressive. When large fusions were counted, the result was more distinct; in one experiment ( Fig. 1 c) a 3.5-fold increase was observed at 0.5 to 0-75 ~tg/ml trypsin. The increase in fusion was seen in the mixed cultures only.
The effect of ~-chymotrypsin and thermolysin was also tested. A twofold increase was observed at 0.7 to 1 ~tg/ml ~-chymotrypsin ( Fig. 1 a) and at 8 to 9 ~tg/ml thermolysin ( Fig. 1 d) .
Since several proteases elicit the same effect, it is most likely that the effect is caused by proteolysis.
It is interesting to note that the increase for all the tested proteases was seen in a narrow concentration range only. It thus appears that further proteolytic cleavage inhibits the effect. The active concentration range for each protease differed slightly from experiment to experiment, possibly because of differences in the extent of cleavage obtained.
In the experiments shown above, both infected and uninfected cells in mixed cultures were treated with proteases. If cleavage of the viral surface proteins is responsible for the increased fusion, then it should be expected that fusion between infected and uninfected ceils will increase when the infected cells alone are treated with proteases and the uninfected cells are left untreated, and not when the reverse treatment is used. This hypothesis was explored by treating the infected cells with trypsin followed by the addition of untreated uninfected cells or vice t,ersa. Table 1 shows such an experiment where cell cultures (first cells) were treated with trypsin or PBS, followed by addition of uninfected or infected cells (second cells). The second cells were removed from their culture flask by scraping in order not to destroy their surface as the normal procedure using 1250 ~tg/ml trypsin does (Schlessinger et al., 1978) . It is clear that a high level of fusion was observed only when the infected cells were treated with trypsin (1 ~tg/ml) followed by addition of the uninfected cells, and not when the cells were added in the reverse order. The level of fusion remained low when either uninfected or infected cells were used both as first and second cells. Similar results (not shown) were obtained when the second cells were loosened from their culture flask with 1250 lag/ml trypsin, showing that the degree of trypsin treatment of the uninfected cells is not important for the fusion from within.
These experiments on fusion from within show that the important cleavage occurs on the surface of the infected cells. However, they do not distinguish whether Cleavage of the virus surface proteins or the other surface proteins on the infected cell is the important event.
(1.5 ~tg protein) was added. The cultures or virus suspension were treated with the shown concentrations of trypsin in PBS for 15 rain at 37 °C. At 7 h post-infection the cultures were stained with Giemsa and the number of fusions were counted. (a) The number of fusion events (16 ~ of the area was counted). (b and c) Large fusions (60 ~ of the area was counted). The total cell number was 6100 + 1200. (a) The cells were treated with trypsin, either before (O) or after (O) a 1 h binding period of virus; or the virus suspension was treated with trypsin for 15 min in 10 I~1 incubations before addition to the cells (k). Similar cultures, but with omission of virus, are shown by dashed lines. (b) Large fusions in the same experiment as Fig. 2(a) (full lines) and from a similar experiment (dashed lines). When virus was omitted less than 0.2~ large fusions were observed. Symbols are as above. (c) Virus was treated with trypsin before addition to the cells (A, A), or the identical amounts of virus and trypsin were added separately to each culture (Q). In one experiment (A), the unbound virus was removed by a change of medium after 1 h. * Three-thousand first cells (uninfected or infected SC-1 cells) were seeded in microwell plates. The following day, the medium was removed and the cells were treated with 0 or 1 gg/ml trypsin in PBS (pH 7-4) for 15 min at 37 °C. This solution was removed and new growth medium was added together with 6000 second cells. The second cells had been removed from their original culture flask by scraping followed by resuspension in growth medium. The following day the cultures were stained and the number of large fusions were counted as explained in the text. Each value is an average from three (0 ktg/ml) or from six (1 ~tg/ml) cultures.
The effect of trypsin on fusion from without is shown in Figs. 2 and 3. Protease treatment was performed at various steps to determine where the important protease action occurs. In agreement with the previous results, no fusion was seen when virus was not added; this was independent of trypsin treatment. When purified MoMuLV was added to the cells, up to 10 ~ of the cells fused, and up to 1"2~o large fusions were seen. If the cells were treated with trypsin before virus addition, no significant effect was seen, again showing that the enhanced fusion is not caused by a degradation of the surface of the native cells. When cells with bound particles were treated with trypsin, a slight increase in fusion (up to 20~ and up to 2~ large fusions) was seen in the concentration range 6 to 50 p.g/ml trypsin. However, when virus particles were treated with trypsin before addition to the cells, a clear fourfold increase in fusions (up to 30~) or a 10-fold increase in large fusions (up to 6~) was observed in the same concentration range with a peak around 20 gg/ml trypsin. In the experiments, trypsin from the incubation mixture was added to the cells. This is however of no importance, since separate addition of both trypsin and virus particles to the same culture does not exhibit any effect (Fig. 2c) . Stained cultures are shown in Fig. 3 . These results show that for fusion to occur, protease action on virus particles, and not cells, is important. The weakly enhanced fusion of the cells with bound virus particles can be explained by an action on bound virus particles.
When high amounts of MoMuLV (above 1 ~tg, corresponding to 200000 particles/cell) were added, decreased fusion in the absence of trypsin treatment was observed (results not shown). The trypsin-enhanced fusion did not decrease however until doses reached above 8 ~tg. The optimal trypsin concentration was lower at low virus dose: 6 ~tg/ml at 0.5 ~tg MoMuLV and 25 ~tg/ml at 8 ~tg MoMuLV (not shown). This result can be explained by saturation of the cells with uncleaved MoMuLV which inhibits the fusion. Likewise a lower optimal trypsin concentration was observed when the trypsin-treated virions were washed away from the cells at 1 h p.i. (Fig.  2c) .
To examine whether the fusinogenic activity of the trypsin-treated virus particles was intrinsic to the particle, centrifugation through a sucrose cushion was performed as previously described (Andersen, 1987) . Thirty ~tg MoMuLV was treated with 10 ~tg/ml trypsin (in 20 p.1 total), which was shown to enhance its fusinogenic ability threefold. The reaction was stopped by addition of 100 ~g/ml soy bean trypsin inhibitor followed by centrifugation through a 150 ~tl 5~ sucrose cushion. The sucrose cushion was divided into top, middle and bottom parts and a pellet which was resuspended in 50 ~tl buffer. Two gl of each fraction was tested for fusinogenic activity by addition to SC-1 cultures. The top and middle fractions gave less than 0.1 ~, the bottom part gave 0-8 ~o and the resuspended pellet gave 7-8 ~ large fusions. Thus, the fusinogenic activity is attached to the virus particles.
In summary, the results show that the retrovirus-induced fusion of mouse fibroblasts is enhanced by brief protease treatment of virus particles or infected fibroblasts. The proteases trypsin, ct-chymotrypsin and thermolysin were all shown to be active. It is thus concluded that the proteases must act on viral components to enhance cell fusion. The fusinogenic activity remained on the virus particles or on the chronically infected cells after the protease treatment.
Trypsin degrades surface proteins and not proteins inside a lipid membrane (Schlessinger et al., 1978) . SU and part of TM are located on the viral surface, but also proteoglycans of cellular origin exist on the surface of enveloped viruses . As mentioned, it has previously been shown that SU is responsible for cell fusion (Zarling & Keshet, 1979) . It is therefore believed that proteolysis exposes the fusinogenic site(s) of SU.
The optimal trypsin concentration in the experiments differed from 0-5 to 25 ~tg/ml depending on the conditions used. In this concentration range, SU is cleaved into characteristic fragments which are cleaved further at higher concentrations. Some of these remain on the virus particle whereas others are released. The fragments are also observed in the cell after virus entry (Andersen, 1987) . However, proteoglycans can also be cleaved by brief trypsin treatment (Heineg~rd & Hascall, 1974) ; in the case of influenza virus, these are then released from the viral surface . After brief trypsin treatment where SU is cleaved into fragments, high molecular weight material containing glucosamine, presumably proteoglycan, is released from retroviruses (Andersen, 1987) . The enhanced fusion can thus be explained by at least two different modes of action : either the protease releases the proteoglycan whereby the fusinogenic site(s) of SU is exposed, or TM or SU is cleaved in such a manner that its fusinogenic site(s) is exposed. Further experiments are necessary to elucidate which proteolytic action leads to the enhanced cell fusion.
Virus-induced cell fusion is believed to resemble the virus cell fusion occurring during infection (Knutton & Pasternak, 1979) . The present results thus suggest that proteolytic cleavage of the viral surface components can lead to membrane fusion. This model can explain the previous finding that retrovirus infection is inhibited by the protease inhibitors (Andersen, 1983) , and is in agreement with the finding that retrovirus surface proteins are cleaved in the cell (Andersen, 1987) .
In the model of entry through endosomes or lysosomes (see review of White et al., 1983) which retroviruses presumably use to infect SC-1 cells (Andersen & Nexo, 1983) membrane fusion is believed to be triggered by the low pH in vesicles which changes the conformation of the fusion protein exposing its fusinogenic site(s). However, the present results lead us to speculate that exposure of the fusinogenic site(s) by proteolytic cleavage could be a coexisting or alternative mechanism, as the vesicles contain various hydrolytic enzymes, many with low pH optima. Degradation of SU during entry has thus been shown to be inhibited not only by protease inhibitors but also by lysosomotropic agents (Andersen, 1985) .
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